Digital breast tomosynthesis uses a limited number (typically 10-20) of low-dose x-ray projections to produce a threedimensional (3D) volume tomographic reconstruction of the breast. The purpose of this investigation was to characterize and evaluate the effect of scatter radiation on image quality for breast tomosynthesis.
INTRODUCTION
Breast tomosynthesis is an extension of mammography, in which a series of projection images are acquired at different angles of the x-ray source with respect to the breast. Multiple sectional image slices of the breast are then reconstructed from the projection data. With the ability to reduce overlapping clutter, tomosynthesis is a promising technique for enhancing the conspicuity of the tumour, reducing false positive findings and for allowing 3D localization of the tumour within the breast. However the imaging performance of tomosynthesis is challenged by some physical factors, including detector efficiency, geometry alignment and x-ray scatter.
Several investigators have studied the scatter properties in mammography applications, with experimental and analytical methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . For conventional mammography performed with no antiscatter grid, the intensity of scattered x-rays hitting the detector would be 50% or more of the intensity of the primary x-rays [11] . Scattered x-rays simultaneously reduce the contrast and signal-to-noise ratio (SNR) of the lesion, increase image noise and consume dynamic range of the acquisition system. It has also been demonstrated experimentally and analytically in other investigations of x-ray scatter for cone-beam CT [12] and breast CT [13] , that scatter introduces artifacts and quantitative inaccuracy in the CT reconstruction.
Various approaches have been used to reduce the amount of scattered x-ray radiation that is recorded by the radiological imaging system. These include the air gap technique [10] , moving slit or slot scanning strategy [4, 9, 14] and anti-scatter x-ray grids between the patient and the detector. These have been well studied [15] and are effective in scatter rejection for mammography. In addition, various investigators have considered various correction algorithms to reduce the effect of recorded scattered radiation on image quality [16, 17] . This paper describes our work on simulation of scatter x-ray radiation in the application of digital breast tomosynthesis. The simulation is based on a Monte Carlo method developed by Boone [11, 18] that reports on scatter radiation under a wide variety of parameters related to mammography and has demonstrated reasonable agreement with physical measurements. Using these results, we evaluated the influence of scatter on image quality for breast tomosynthesis, including image artifacts, reconstruction inaccuracy of attenuation coefficient, contrast and signal difference-to-noise ratio (SDNR). A simple simulation model was used to evaluate the potential use of grid in tomosynthesis. A series of conventional mammographic cranio-caudal (CC) views was also simulated for the sake of comparison with tomosynthesis slices.
METHODOLOGY

Simulation of Scatter for Tomosynthesis
Scatter point spread functions (PSF) were obtained from Monte Carlo simulations using the approach developed by Boone [11, 18] . In this simulation, monoenergetic x-ray breams were normally incident upon the top surface of a breast phantom of a specified composition and thickness, and the distribution of the energy deposition in an ideal detector was tallied at different air gaps from the exit surface of the phantom.
Two compressed breast computer models similar to that illustrated in Figure 1b were created. Phantom A has a uniform 50% fibroglandular tissue as background. Phantom B utilizes tissue information from a dataset containing reconstructed images from a patient examination and, therefore, has structural variation at different depths. The phantoms are rectangular solids in shape. Both phantoms contain a simulated spherical tumour of infiltrating ductal carcinoma (IDC) with an adjustable diameter (from 2 mm to 22 mm) placed in the centre.
The tomosynthesis acquisition geometry shown in Figure 1a o increments). A simple ray-driven projection model was used to create projection images [19] . Monoenergetic x-rays (20, 30 , and 40 keV) were used and the parameters for the breast model were varied to include phantom thickness (from 3 to 8 cm), and tissue compositions of 0% fibroglandular (fg) tissue, 50% fg, and 100% fg tissue. The scatter distribution of each projection was computed over the field of view (FOV) of interest by convolving the scatter PSF with the shape and dimensions of the FOV. The magnitude of scatter radiation striking the detector is quantified in terms of the scatter-to-primary ratio S SPR P = , where S is the integrated energy of scattered radiation and P is the integrated energy of the primary radiation.
Incorporation of Background Structure
In Phantom B, a typical fibroglandular structure, obtained from an anonymized patient tomosynthesis breast dataset (imaged at Sunnybrook) was incorporated into the phantom simulation as background structure. The voxel values from the patient data were arbitrarily rescaled to range from 100% fat to 100% fibroglandular tissue.
Cupping Artefacts and Reconstruction Inaccuracy
The effect of x-ray scatter on the contrast, noise, and SDNR in tomosynthesis reconstruction was measured as a function of tumour size. Also the scatter effects on image quality were quantified by the cupping ratio and a measure of the accuracy in reconstruction for the central slice of the tumour. A reconstructed transaxial slice (slices parallel to the detector) of a uniform breast phantom including the effects of scatter is shown in Figure 3a . The profile through the centre in Figure 3b , shows a reduction in the voxel values and marked nonuniformity, an effect referred to as 'cupping'. To quantify the degree of this spatial nonuniformity, a simple measurement cup t [12] 
Simulation of Antiscatter Grid
To reduce the scattered radiation component, an antiscatter grid is placed between the test object and the detector. The transmission factors for the grid are defined as:
T and t T are the primary, scattered, and total radiation transmission factors, respectively. ' P and ' S denote the primary energy fluence and the integrated scatter radiation energy fluence reaching the detector with the grid in place. The total radiation reaching the detector is reduced by grid. In film system, this makes it necessary to increase the entrance exposure (and patient dose) to maintain the same optical density on the film. The dose increase factor or Bucky factor B is defined as the ratio of the radiation without and with grid:
For a digital system which has a wide dynamic range and arbitrarily adjustable contrast, the main adverse effect of grid is the reduction of signal to noise ratio (SNR) by the loss of primary radiation. In this simulation, the transmission factor of T p = 0.8 and T s = 0.2 were taken from commercial grid data [1] . There is no consideration of exposure increase because the detector used in simulation is assumed to be perfect and has a linear response for the whole wide dynamic range.
Simulation of Mammographic CC View
For the sake of comparison between the radiographic projection and the tomographic slice reconstructed by tomosynthesis, mammographic CC views are simulated for both phantoms. The same geometry was used as that for tomosynthesis image acquisition at 0 degree, where the central ray from the x-ray source passes through the centre of rotation of the source and falls on the detector at normal incidence. The only difference is that the entrance exposure for the mammographic CC view is equal to the total exposure of the 11 projections for tomosynthesis, which equals 1.1 R, at 20 keV for a 5 cm thick breast phantom. The mean glandular dose is estimated to be 3.1 mGy using the DgN coefficients calculated by Boone [20] .
RESULTS
Phantom A: Various Energies
The scatter PSFs derived from the Monte Carlo procedures are compared for several parameters. Because the range of xray photons in tissue increases with energy, the PSF has higher amplitude for higher energy. However the transmitted primary photons also increase with energy, therefore there is little x-ray energy dependence on the SPR.
The effect of x-ray scatter on the reconstruction inaccuracy is illustrated in Figure 4 . Solid lines represent the scatter free situation and dashed lines the condition where scattered radiation is included. The discrepancy of scatter free reconstruction with truth is due to limitations in the reconstruction algorithm and the incomplete sampling geometry of tomosynthesis. Scatter radiation increases the error of µ. For example, at 20 keV for a 10 mm diameter lesion, µ is reduced by 15% without scatter; and reduced by 30% in the presence of scatter radiation. Underestimation of µ is increased for higher energies.
Phantom A: Various Breast Thickness
It is well known that the SPR increases with increasing breast thickness [21] . The effect of x-ray scatter on the reconstruction inaccuracy for different breast thickness is examined and, it is showed that the scatter radiation has higher influence than the change of breast thickness. The scatter effect on contrast and SDNR as a function of tumour size is shown in Figure 5 .
Phantom B: Dense Breast with Structure Noise
There are various anatomic structures at different locations in normal breast. Phantom B incorporated some structural information within the background tissue to simulate a more realistic breast. The reconstructed central-slice images from phantom B, without and with the effects of scattered radiation are shown in Figure 6 (a-c), sharing the same grayscale window but with different levels. The tumour contrast was reduced, and the image has more noise when scattered radiation reaches the detector. We can also see the cupping effect in Figure 6 (c) and more clearly in (e). Figure 6 (d) shows a central slice when a scatter rejection grid is used. The improvement in lesion contrast is considerable. The scatter effect on the reconstruction inaccuracy of voxel values is illustrated in Figure 6 (e) as profile lines through the centre of the tumour, also demonstrated in Figure 6 (f), which is the reconstructed tumour value as a function of lesion diameter. All the pictures shown here were prepared and reconstructed for monoenergetic x-rays at 20 keV for a breast thickness of 5 cm.
Comparison of Tomosynthesis Slices with Mammographic Projection
Results for a tomosynthesis slice image are compared with a simulated projection mammographic CC view in Figure 7 and Figure 8 . For phantom A, which has a uniform 50% fibroglandular tissue as background (normal) tissue, tomosynthesis slices have better contrast than the CC view. However the SDNR of the CC view is better than that of the tomosynthesis slice due to the fact that there is no structural noise in the phantom. The use of the grid in tomosynthesis helps the recovery of SDNR.
For phantom B with structural noise in the phantom, the contrast in the tomosynthesis slice is reduced by scatter. It is higher than or equal to that in the CC view for small lesions (from 2 to 14 mm). The SDNR is also reduced by scattered radiation; however it is superior to that in the CC projection.
CONCLUSION
The magnitude of scatter radiation calculated as SPR was evaluated versus energy and breast thickness. In addition to the noise that x-ray scatter detection contributes to the projection images and tomographic slices, the SPR is around 0.5 for 50% fibroglandular breast phantom at 5 cm in thickness, and increases as the breast thickness increases. This results in the reduction of contrast and SDNR in tomosynthesis slices, as well as the voxel value inaccuracy in reconstruction. The potential use of an antiscatter grid was investigated, and Figure 6 (f) demonstrated that the reconstruction value can be improved by the use of a grid. Other strategies for scatter reduction may be considered, including the optimization of imaging geometry, the use of air gaps and the incorporation of scatter correction in reconstruction algorithms. The comparison of a tomosynthesis slice and a mammographic projection of the phantom shows that the tomographic slice provides better contrast for relatively small lesions and better SDNR for dense breasts that present a higher proportion of structure noise. 
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